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a b s t r a c t
Changes in permafrost conditions in high mountain rocks have increased the risk of dangerous
instabilities. Ice segregation within the rock mass has been interpreted as one of the mechanisms
involved in high mountain bedrock degradation. A long term laboratory test on a cube of intact gneiss
has been designed to reproduce ﬁeld temperature gradients and water supply conditions. Test results
demonstrate that ice crystallization in a permafrost fringe (T¼0 1C to 3 1C) leads to the formation of
continuous ice-ﬁlled cracks which explain the loss of rock continuity and the observed rock failures. A
coupled thermo-hydro-mechanical model which incorporates the thermodynamics of ice-water mix-
tures has been used to reproduce test results. The model, which follows existing formulations for
unsaturated porous media, was capable of capturing the main observations derived from the experi-
ment. Calculated tensile stresses are close to the gneiss tensile strength. The analysis performed is a step
forward in understanding ﬁeld observations and in the application of computational tools to real cases.
& 2015 Elsevier Ltd. All rights reserved.
1. Introduction
Degrading permafrost in rock walls is considered to be an
increasing hazard in alpine environments. It results in rockfall
activity and slow rock deformation which endangers infrastructure
and people [1]. The increasing importance of hydro-electric power
generation and storage in high topography settings and the high-
alpine winter and adventure tourism increases the vulnerability to
permafrost rock slope failure and requires improved assessment
and monitoring strategies for permafrost rock walls [2].
It has been postulated that permafrost distribution responds
quickly to climatic ﬂuctuations [3] Detachment zones of rock-ice
avalanches indicate thermal disturbances caused by the interac-
tion of permafrost, glacial ice, and climate changes. Krautblatter
[1] explained how permafrost dynamics inﬂuence rock slope
stability by reducing shear resistance. Fischer et al. [4] modeled
the effects of enhanced hydrostatic pressure due to a perched
water level sealed by permafrost. Upward freezing due to ice
segregation could cause the propagation of ice-ﬁlled fractures,
which may provide a slip plane during thawing [5]. While
macrogelivation (frost wedging) is postulated to operate in rock
discontinuities close to the surface [6], microgelivation (i.e. ice in
pores and ice segregation) could physically operate at depths of
several meters, where permafrost is found in Alpine environments.
In this context, the processes and mechanical understanding of the
permafrost-related failure mechanisms is also a crucial issue to
decipher its impact among multiple other factors that inﬂuence
rock slope stability.
Many ice-rock avalanches have been documented in the Italian
Alps [7], e.g. Brenva, 1997; Grandes Jorasses, 2002; Matterhorn,
2003; Thurwieserspitze, 2004; Dru, 2005; Aiguille des Toules, 2008;
Tré-la-Tête, 2008; Patrí Peak, 2008; Refuge Vittorio Emanuele II,
2008; Mont Crammont, 2008; Aiguille du Dru, 2011. Enhanced
activity of cliff falls, block falls, boulder falls and debris falls has
been observed from permafrost-affected rock faces [8–11].
The awareness of rock slope instabilities in high mountain
environments raised in alpine European countries after summer
2003 when an exceptional heat wave hit central Europe and was
accompanied by an unusually high number of rock-falls [12].
Focusing on the Italian Alpine region, the Matterhorn (4478 m
a.s.l., NW Italian Alps), a rock pyramid made of highly fractured
gneisses and gabbros, has suffered rock deformation and rock-falls
since summer 2003.
The most relevant rockfall event in the area, the “Cheminée”
rockfall (2000 m3), occurred on August 18th 2003, just below the
Carrel hut [13]. The presence of massive ice in the detachment
zone (15 m high and 7 m large), has been interpreted as a signal of
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an ice segregation mechanism involved in high mountain bedrock
degradation.
The original idea of this study was indeed that rock mass
instabilities could be related to the failure of intact rock bridges
connecting non-persistent discontinuities, often conditioned by
subcritical crack growth. From a mechanical point of view, the
presence of permafrost could increase tensile normal stress due to
changing water pressure and cryostatic pressure, provided by ice
segregation phenomena. Then, a “layer” of segregated ice may
reduce substantially the original rock shear strength and explain
the failure. The segregation of ice in undamaged rock exposed to
permafrost and a source of external water (rainfall in the ﬁeld) will
be examined in this paper through a laboratory experiment
mimicking ﬁeld conditions. The experiment will be interpreted
with a coupled THM model for simultaneous water transfer and
ice formation in porous rock
2. Ice segregation and rock fracture
A monitoring system composed by geophones and thermo-
meters was installed at the Carrel hut within the framework of a
European Community funded project (Interreg IIIA Alcotra project
“PERMAdataROC”), which enabled the performance of crossed
analysis between microseismic data and thermal analysis. A
simpliﬁed heat-transfer numerical model was developed by Duca
[14] in order to assess if the superﬁcial source location obtained
from microseismic monitoring could be correlated to the bedrock
thermal regime.
Comparing the two spatial–temporal distributions of tempera-
ture and microseismic activities, it has been possible to verify that
the microseismic recorded data could be correlated with thaw and
solidiﬁcation mechanisms. The thermal proﬁle obtained from the
numerical model showed that the rockwall located at 3829 m a.s.l.
experiences a seasonal frost/thaw penetration, 2 m deep, and the
microseismic source location has revealed that sources were
concentrated in the active layer. In particular, the hypocenters of
a selected class of nine events, which may belong to a disconti-
nuity system, seemed to be localized close to the permafrost
boundary, a layer characterized by ice-rich fracturated zones and
ice-ﬁlled cracks.
These results could conﬁrm the hypothesis of ice segregation as
a mechanism leading to steep bedrock degradation and its
associated instability. This process could contribute to the desta-
bilization of much larger volumes of rock than would be expected
due to ice volumetric expansion.
Ice segregation is an alternative process of bedrock fracture: it
occurs when temperature gradient-induced suction in freezing or
frozen ground (or rock) drives unfrozen water (held in capillaries
and adsorbed on the surfaces of mineral particles) through a
porous medium towards a freezing site, where lenses or layers of
ice grow. At subfreezing temperatures, domains that are cold
enough to allow sufﬁcient ice-generated pressure, cause progres-
sive microcrack growth. If ice segregation fractures bedrock
permafrost, the fractures and ice lenses are expected to concen-
trate just beneath the top of the permafrost and at the bottom of
the active layer [15]. The unfrozen water, held in capillaries and
adsorbed on the surfaces of mineral particles, is driven by
temperature gradient-induced suction toward freezing sites where
lenses or layers of ice grow. The resulting heaving pressure is
nearly twice as large as the tensile strength of the stronger rocks.
This phenomenon provides the initial incentive for developing
the segregation ice model of frost weathering [16], as it implies
that ice growth in pre-existing microfractures is capable of
progressively fracturing any rock type.
Field monitoring has highlighted the roles of diurnal and
annual frost cycles in controlling the timing and magnitude of
frost weathering. In the laboratory, bidirectional freezing in soft,
porous rocks has produced fractures containing segregated ice
layers near the permafrost table, which imply the development of
ice-ﬁlled fractures in permafrost bedrock over long time-scales.
This ﬁnding, combined with numerical modeling of the thermal
regime in permafrost rock slopes, contributes to the prediction of
large-scale rockfalls and rock avalanches triggered by permafrost
degradation [5]. These authors also suggested that future studies
should also focus on explosive shattering, frost weathering of
hard-intact rocks, ﬁeld monitoring of ice segregation and bedrock
heave, and the role of frost weathering in landscape evolution.
Concerning frost weathering of hard rocks in high mountains,
they proposed a question to be answered: “Does microgelivation
of hard intact rocks require an extant microcrack system devel-
oped by any process or inherited?” [17].
Laboratory freeze-thaw tests have never proved the generation
and propagation of new, visible cracks in hard intact rocks; they
have only revealed a minor decrease in ultrasonic velocity or
Young’s modulus, or a minor increase in porosity [17–19]. The ice-
segregation theory suggests that cracks in such low-porosity rocks
(e.g. granite) propagate at low temperatures i.e. 4 1C to 15 1C
[16], but laboratory simulations have so far induced ice segrega-
tion at higher temperatures (42 1C) in high-porosity rocks (tuff
and chalk).
In order to deepen the study of ice segregation phenomenon
and resulting crack growth in hard, intact rock, a down scaled
physical simulation of this frost weathering mechanism has been
designed and set up: upsizing of physical modeling experiments
and monitoring natural unweathered bedrock, would provide
valuable insights into permafrost landscape evolution and engi-
neering geology.
This paper presents also a numerical analysis of the test
performed in an effort to improve process understanding and to
develop predictive tools. These studies have addressed the
mechanics of ice growth, particularly the role of the pre-melted
ﬁlms in lens growth, and the fracturing mechanism in rock under
steady temperature gradients.
3. Thermo-hydro-mechanical (THM) analysis of frozen rock
Freezing of pore ﬂuid within rock microcracks involves com-
plex thermal, hydraulic and mechanical processes that can have
signiﬁcant mutual interactions. For example, phase changes of
pore ﬂuid caused by temperature variations modify the hydraulic
regime of the material, which in turn induces mechanical defor-
mation. At the same time, any change in the hydraulic and
mechanical conditions feeds back to the thermal processes by
way of advection and changes in ice and water contents [20].
Analysis of frozen rock behavior inevitably requires a numerical
technique because of the non-linearity of the governing equations.
Models have been developed and implemented with differing
hypotheses and degrees of sophistication [14].
In order to predict the approximate depth of maximum crack-
ing for an upward freezing experiment described below, a fully
coupled thermo-hydro-mechanical (THM) model, whose basic
formulation was described in [21,22], has been applied. The
concept accepted is that freezing in water saturated rocks is
closely analogous to slow freezing in ﬁne grained soils. In fact
assuming an initially uniform distribution of very small defects
throughout the block, the gneiss sample has been considered as an
“equivalent porous medium” characterized by its porosity, and a
set of thermo-mechanical properties.
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Ice segregation processes are caused by water migration and
accumulation in a frozen fringe (i.e. a transitional zone just behind
a freezing front, where rock is partially frozen). The water migra-
tion is driven by cryogenic suction but at the same time it is
retarded by the reduced permeability developed in the partially
frozen rock.
3.1. Governing equations
The frozen soil formulation presented builds from the THM
modelling by [21–23], originally developed for high-temperature
problems involving a gas phase (unsaturated soils). Low-
temperature problems can be considered to be modeled by the
same overall structure if the original gas phase is replaced by a
new solid phase representing ice [20]. The formulation has been
implemented in the FEM code CODE_BRIGHT, a program for
thermo-hydro-mechanical analysis in geological media, consider-
ing the new features required to address freeze/thaw conditions.
3.2. Thermodynamic equilibrium of freezing soil
The equilibrium between liquid water (l) and ice (i) phases is
described by the Clausius–Clapeyron equation, derived from
equilibrium of the chemical potentials between two phases:
 slsið ÞdTþνldPlνidPi ¼ 0 ð1Þ
where s and ν are the speciﬁc entropy and the speciﬁc volume
respectively, T is temperature on the thermodynamic scale, and P
is pressure.
From Eq. (1),
dPi ¼
ρi
ρl
dPl
ρiL
T
dT ð2Þ
where L is the speciﬁc latent heat of fusion and ρ (1/ν) is the mass
density. This differential form can be integrated taking atmo-
spheric pressure and the temperature 273.15 1K as references, to
give:
dPi ¼
ρi
ρl
dPlρiL ln
T
273:15
 
ð3Þ
This equation represents a thermodynamic requirement for
equilibrium that needs to be satisﬁed by Pi, Pl and T [20].
3.3. Freezing characteristic function
The model requires a freezing characteristic function to relate
the degree of liquid (unfrozen water) saturation Sl (i.e. volume of
liquid phase/volume of pore) to the porous medium thermody-
namic properties [20]. Many researchers have developed freezing
characteristic functions through analogies with water retention
models developed to describe the drying and wetting of unsatu-
rated unfrozen soils, where gas and liquid phases coexist in the
pores [24–28]. The different pressures between the liquid water
and ice phases expressed by the Clausius–Clapeyron Eq. (3)
suggest that surface tension forces should develop along the
interface between the two phases.
The freezing characteristics and the water retention character-
istics are both determined by the pore size distribution [28,29] and
the interface tension force. It is therefore natural to assume that
the two functions can be expressed by similar forms of equations,
once allowance is made for the difference between the ice/liquid
and gas/liquid interface tension forces. The van Genuchten model
[30] was used here to represent the freezing characteristic
function:
Sl ¼ 1þ
PiPl
P
  1
1 λ
" #λ
ð4Þ
where P and λ are material constants. This equation represents the
relationship between Pi, Pl and Sl.
By combining Eqs. (3) and (4), the freezing characteristic
function relating Sl to T can be obtained as:
Sl ¼ 1þ
 1ρi=ρl
 
Plρil ln T=273:15
 
P
  1
1 λ
( )λ
ð5Þ
During prolonged freezing, water migrates and could be accumu-
lated in a frozen fringe, i.e. a transitional zone just behind a freezing
front, where the porous material is partially frozen (see Fig. 1). The
water migration is driven by the cryogenic suction PiPlð Þ .
Balance laws for mass and heat transfer are required dealing
with a boundary value problem, together with the deﬁnition of
some additional constitutive parameters: the formulation used
modeling the freezing test performed, follows essentially Nishi-
mura et al. [20].
Mass conservation of pore water is expressed as:
∂
∂t
ρlSlφþρiSiφ
 þ∇ ρlql ¼ f w ð6Þ
where φ is the porosity; Sl and Si are degrees of liquid and ice
saturation respectively (SlþSi¼1, as neither a gas phase nor
cavitation is considered); ql is the liquid water ﬂux vector; and
fw is the sink/source term of mass. The water ﬂux is calculated
from generalised Darcy’s law as:
ql ¼ 
kr
μl
k
 	
∇Plρlg
  ð7Þ
where g is the gravity acceleration vector, [k] is the intrinsic
permeability matrix, ml is the viscosity of liquid water, and kr is the
liquid phase relative permeability. Viscosity (Pa s) can be consid-
ered a function of the temperature, as:
μl ¼ 2:1 106exp
1808:5
273:15þT
 
ð8Þ
Relative permeability can be calculated from the expression:
kr ¼
ﬃﬃﬃﬃ
Sl
p
1 1S1=λl
 λ 2
ð9Þ
which can be derived from the van Genuchten function (Eq. (4)).
The parameter λ is a material constant that in principle coincides
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Fig. 1. Idealization of freezing cracked rock: the sketch shows ice segregation at the
boundary of the frozen fringe (T = 0°C) and the freezing front (T = Tf freezing
temperature). Penny-shaped cracks are sub-parallel to the isotherms. Water
migrates through the frozen fringe to growing ice-ﬁlled cracks (modiﬁed from
Walder & Hallet, [16]).
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with the parameter used in the retention curve and kr varies
between 0 and 1. The intrinsic permeability in the generalized
Darcy’s equation and the hydraulic conductivity [K] (usually used
in the ﬂow equation when written in terms of piezometric head)
are related by:
K½  ¼ ρlg
μl
k
 	 ð10Þ
In the present study, all material properties have been con-
sidered isotropic.
The energy conservation equation is written as:
∂
∂t
esρs 1φ
 þelρlSlφþeiρiSiφ 	þ∇ λT∇Tþ jel ¼ f e ð11Þ
where es, el and ei are the speciﬁc internal energy of solid phase
minerals, liquid water and ice respectively; λT is in this case the
overall thermal conductivity of the material (consisting of soil
minerals and pore materials); jel is the advective term of heat ﬂux
jel ¼ elρlq
 
; and fe is the sink/production term of energy.
Fourier’s law is employed in the above equation for calculating
the conductive heat ﬂux. The overall thermal conductivity λT is
calculated by using the geometric mean:
λT ¼ λ1φs λSlφl λ
1 Slð Þφ
i ð12Þ
where the subscript s denotes the soil mineral phase. The speciﬁc
internal energies, es, el and ei, are:
es ¼ csT el ¼ clT ei ¼  lþciT ð13Þ
where cs, cl and ci are the speciﬁc heats for solid soil mineral, liquid
water and ice respectively
Mechanical equilibrium can be written as
∇ σþb¼ 0 ð14Þ
where σ are total stresses and b are body forces.
4. Physical model
The experimental test developed was aimed at reproducing the
ice lens growth mechanism due to the onset of ice segregation
processes at the interface active layer-permafrost boundary. To
achieve this goal, a long-term freezing test setup has been
performed. The test reproduces the physical conditions in which
ice action generates ice lenses just beneath the active layer of a
homogeneous gneiss sample. The test was conducted on a cubic
rock sample (151515 cm) free of observable discontinuities
and ﬁssures, collected in Pelline Valley (Italy).
Given the small permeability of massive gneiss very long
testing times were feared. Rotonda (1991) has shown that thermal
microcraking increases rock porosity and therefore rock perme-
ability without affecting signiﬁcantly the rock strength. The
adopted procedure to induce microcracking between adjacent
crystalline grains or inside the grains was to subject the sample
to three thermal heating cycles. In the ﬁrst and third cycles the
sample was slowly heated to a maximum temperature of 420 1C
and cooled at a similar low rate (0.5 1C/min) in order to avoid
thermal gradients inside the sample. In the second cycle the
sample was slowly heated to 250 1C and cooled afterwards in a
water bath. The unconﬁned compression strength of natural and
thermally treated gneiss was measured in specimens drilled
perpendicular to the gneiss foliation. The measured values were
113.3 MPa (natural gneiss, average of two tests) and 117.75 MPa
(thermally treated sample, one test) suggest that the gneiss
sample maintains the characteristics of a hard rock.
The porosity of the 150 mm cubic sample was not directly
measured. Instead, it was indirectly determined by ultrasonic
wave speed measurements following the relationships given by
Willie et al. (1958) between wave velocities and physical proper-
ties of rock. In this approach the total wave transit time is the sum
of the transit time in the mineral plus the transit time in the pore
ﬂuid. The total porosity has been calculated by inserting the P-
waves velocities derived from ultrasonic measurements, a ﬂuid
velocity vf¼340 m/s (Wyllie et al., 1958) and a rock matrix velocity
vm¼6080 m/s, which is an average velocity for the material
characterized by a mixed mineralogy.
The calculated porosity (ϕ0¼0.15), based on an indirect
method, may lead to some error in calculations if compared with
the original ﬁeld porosity. Porosity enters into the two balance Eqs.
(6) and (11), as a rate of change, which is controlled by the rock
stiffness, and also by modifying the rates of change of degrees of
saturation of water and ice. The ﬁrst component will not change if
the stiffness is maintained. The second component will modify the
calculated times to reach a given state of the sample (steady state
conditions, for instance) but it is not expected to modify the main
results discussed in a next section.
Testing the ice segregation process requires speciﬁcally
designed experiments. In order to simulate permafrost imposing
a temperature gradient through the specimen equal to 1 1C/cm,
the gneiss block has been placed on a basal cooling plate (Fig. 2).
The sample was thermally insulated, as shown in the ﬁgure. The
temperature distribution has been measured by a set of nine Pt100
platinum resistance thermometers. Eight sensors have been
located on a vertical face of the specimen at different depths:
1.5, 3, 4.5, 6, 8, 10, 12, 14 cm (Fig. 2). An additional sensor was
placed on the upper surface of the specimen. A thermal compound
has been used to ﬁll the air-gap between the thermosensors and
the rough rock sample surface, in order to increase the thermal
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conductivity at the interface. All the resistors were connected by
means of shielded three-wire conductors to the acquisition sys-
tem, which allows measurement, monitoring and storage of digital
and analogue signals issued from electrical and physical sensors.
The lateral surfaces have been coated with a silicone layer to
maintain the sample saturated during the test. Liquid water is
drawn from the saturated upper surface into the rock sample.
Lateral faces were covered by insulating material, 10 cm thick, to
minimize lateral heat transfer and to ensure a one directional
thermal gradient. Polyurethane foam was also sprayed inside a
wooden box surrounding the sample and equipped with a suitable
hole in the center, to allow placing the sample directly on the
cooling plate (Fig. 2).
Since the presence of a nearby moisture source plays a funda-
mental role in ice segregation [6], a controlled supply of water has
been guaranteed. A squared water pool has been ﬁxed to the free
upper surface of the sample and constantly kept full of water, so
that a continuous downward water percolation could be available,
ensuring a long-term (three months), slow freezing test under an
open-system condition. An infrared lamp has been installed at a
distance of 55 cm from the top of the sample to maintain a
constant temperature of þ3 1C on the upper surface.
5. Experimental results
At the end of a three month testing, ultra-sonic (US) measure-
ments have been carried out on the sample, placing a P-wave
transmitter-receiver on the upper surface of the cubic block: pulse
transit time was recorded along the z-axis (normal to the iso-
therms). Fig. 3a shows the waveforms recorded when the sample
was experiencing a linear temperature gradient, simulating the
active-layer and the permafrost boundary. It is possible to note a
reﬂection in the proﬁle, at about 20 ms. Since the upper part of the
sample was thawed, the depth of the reﬂecting element has been
derived using a wave-velocity value equal to 4300 m/s (obtained
from ultrasonic measurements). The calculated depth was about
4.3 cm.
It was feared that the measured reﬂection could be also
induced by an internal ice-water front and not the result of the
formation of a continuous ice layer. Therefore, it was decided to
repeat later the same procedure by freezing the sample to 15 1C,
once the test was concluded. If the sample is frozen after the test
the ice segregated layer and the cracks will remain in its original
position.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132Fig. 3. P-wave signals recorded. (a) After a 3 month cooling period; (b) Once the sample was entirely frozen to -15ºC.
Fig. 4. Sub-horizontal crack at a depth of 4.5 cm observed on the sample sides after
3 months of testing.
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A reﬂection at about 27 ms has been measured (Fig. 3b) on the
frozen sample: the corresponding depth was about 4.1 cm, using a
wave-velocity value equal to 5500 m/s, obtained from ultrasonic
measurements. It was concluded that the interface across which
there was such a change in the elastic properties, which results in
a reﬂection of the waveform proﬁles, was caused by a different
reason: the presence of a millimeter-scale fracture as a conse-
quence to ice segregation phenomena induced during the test.
The sample was then cleaned and freed from the insulating
polyurethane layer and from the silicone sealing, with the purpose
of examining its lateral surfaces. The picture in Fig. 4 shows a
distinct crack at a depth of 4.5 cm. It was partially ﬁlled with
continuous veins of ice.
Examined in more detail the block was found to have three
distinct layers (see Fig. 4). The upper and the lower thirds of the
gneiss cube lacked visible cracks; the lower part contained only
pore ice, while the upper part was water saturated. On the contrary,
the middle third was fractured and rich in segregated ice, at an
average depth of 4.5 cm beneath the block surface. Distance of
fractures to the upper face varied between 2.8 cm and 5.1 cm.
Microcracks had propagated horizontally through the gneiss,
resulting in a continuous and thick macro-crack near the base of
the upper active layer of the simulated permafrost, as shown in
Fig. 5a and b. In some cases, ﬁlling of ice was visible inside the
crack, despite the melting of the ice close to the rock surface
induced by the sample cleaning. The ice was generally pure and
white (bubble rich), as shown in Fig. 5c and d. Such bubbles are
common in natural segregated ice [31], and they are perpendicular
to the direction of heat and water ﬂow during ice segregation.
The fracture was rough and sub-parallel to the cooling surfaces.
The measured proﬁle of steady state temperatures (reached after
about three days of testing and kept during the experimental
campaign), was essentially linear between the two upper and
lower boundary conditions. The average position of the crack zone
corresponds to the 2 1C isotherm. The ice-lens growth was
observed at positions corresponding to a temperature range of
0.5 1C to 2.5 1C. This temperature range is consistent with
Walder and Hallet theory [16]. Although they proposed an ice
segregation temperature below 5 1C for hard rocks, character-
ized by low porosity (e.g. granite), this value entirely depends on
the tensile strength of the rock, with weaker rocks (tensile
strength around 2 MPa), breaking closer to 0 1C. Considering the
peculiarity of the thermally micro-cracked material that has been
tested, the rock temperature range for the ice lens growth agrees
essentially with literature data.
6. Finite element analysis of the physical model
The spatial domain of the plane strain problem was discretized
by designing a two-dimensional structured FE mesh (1515 cm),
made of 225 quadrilateral elements and 256 nodes. This is a rather
coarse mesh, but it was a compromise given the computational
cost of a coupled Thermo Hydro Mechanical analysis. A uniform
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temperature of 22 1C was assumed as the initial conditions in the
analysis. The hydraulic boundary conditions along the top bound-
ary were set to Pl¼0, with the purpose of obtaining a hydrostatic
pore water pressure distribution through the sample.
The bottom boundary temperature was reduced from 22 1C to
12 1C over the ﬁrst seven hours, simulating the upward freezing,
and was then kept constant, while the upper surface temperature
was ﬁxed at 3 1C. Zero heat ﬂux/liquid ﬂux conditions were
speciﬁed along the lateral mesh boundaries.
Regarding the mechanical boundary conditions, a point was
ﬁxed at the lower boundary of the sample and the normal
displacements were made equal to zero on the lower boundary.
The remaining boundaries are stress free. Boundary conditions are
sketched in Fig. 6.
6.1. Material parameters
The material parameters selected for input are summarized in
Table 1. Gneiss thermal conductivity value has been obtained in
laboratory tests carried out at the Institute of Geosciences and
Earth Resources of Pisa on an Arolla gneiss rock sample. The
speciﬁc heat value was set equal to 800 J/kg K [32]. Water and ice
thermal conductivity and speciﬁc heat values have been derived
from literature data: λl¼0.613 W/m K [33], cl¼4180 J/kg K [33],
and λi¼2.4 W/m K [34], ci¼2110 J/kg K [34]. The speciﬁc latent
heat of fusion was equal to 335,000 J/kg K [34].
There was a lack in knowledge of rock hydraulic properties: the
parameters for the soil–water characteristic curve, P0 and λ, were
obtained by ﬁtting Eq. (5) to the measured data determined by
Borgesson and Hernelind for crystalline rocks [35]. A unique
parameter λ was adopted for the water retention curve (Eq. (5))
and the relative permeability function (Eq. (4)).
Mechanical parameters were derived from laboratory tests
carried out to determine strength and deformability under uniaxial
conditions (MASTRLAB—Laboratorio Sperimentale Materiali e Strut-
ture, Politecnico di Torino). The axial Young’s modulus, E, has been
calculated as the secant modulus at a stress level equal to 50% of the
maximum strength (E¼78,000 MPa). The Poisson’s ratio has been
determined as the ratio between the slope of the axial and the
radial strain curves, at the same stress level (ν¼0.2). The uncon-
ﬁned compression strength of two samples oriented perpendicular
to the foliation planes were 111.10 and 115.48 MPa, respectively.
Regarding plastic parameters, the value for the critical state
parameter M was set to 2.25, which is equivalent to an angle of
shearing resistance of 551. This is a reasonable value for a gneiss
rock at low conﬁning stress. It is also compatible with uniaxial
compression and indirect tensile tests performed in the laboratory.
The value of cohesion was set equal to 10 MPa. Finally, parameters
m (stress power) and Γ0 (viscosity) were set equal to 3 and
100,000 s1, respectively.
The solid phase density value corresponds to the density
calculated from laboratory tests on thermally-cracked Arolla
gneiss specimens (Department of Environment, Land and Infra-
structure Engineering, Politecnico di Torino).
6.2. Model predictions
Two-dimensional freezing simulation was performed, in order
to study the interactions between thermal, hydraulic and mechan-
ical processes taking place in the sample. The temperature proﬁle
through the sample has been plotted in Fig. 7, once it reached
thermal equilibrium after 24 h (solid line). A very good ﬁtting of
the linear temperature prediction with laboratory data (dashed
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132Fig. 6. Model sketch: discretized domain and boundary conditions.
Table 1
Material parameters.
Property Units Value
Thermal
Gneiss thermal conductivity, λs W/m K 2.711
Water thermal conductivity, λl W/m K 0.613
Ice thermal conductivity, λi W/m K 2.4
Gneiss speciﬁc heat, cs J/kg K 800
Water speciﬁc heat, cl J/kg K 4180
Ice speciﬁc heat, ci J/kg K 2110
Speciﬁc latent heat of fusion, l J/kg K 335,000
Hydraulic
P0 MPa 0.05
λ 0.5
Intrinsic permeability, k m2 1E14
Relative permeability 0.5
Gneiss mechanical
Young’s modulus, E MPa 78,000
Poisson’s ratio,ν 0.2
Stress power, m 3.0
℘0 s1 100,000
c´ MPa 10
Critical state parameter, M 2.25
Other
Gneiss mass density, ρs kg/m3 2759
Water mass density, ρl kg/m3 1000
Ice mass density kg/m3 916.4
Initial porosity Φ0 0.15
Fig. 7. Proﬁles of degree of liquid saturation calculated at steady state conditions,
for two air entry values (solid line: P = 0.05MPa, dashed line: P = 0.5 MPa).
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line) can be observed. The zero-isotherm is located at a depth of
2.5 cm from the surface (Fig. 8).
Fig. 9 shows the variation of the liquid water degree of
saturation with depth for an air entry value P0¼0.05 MPa (solid
line). For temperatures in excess of 0 1C the pore water is in liquid
phase (Sl¼1). Below 0 1C, Sl decreases fast. The phase change
begins to occur at a depth of 3 cm for T¼0.35 1C. This tempera-
ture corresponds approximately to the “freezing point depression”
in a variety of crystalline rocks [16].
It is possible to recognize a range between 3 1C and 0 1C in
which a signiﬁcant amount of water remains unfrozen. In this
zone, the pore space in only partially ice-ﬁlled (Sl decreases from
1 to values close to 0). Borrowing the nomenclature of Miller [25],
this zone is deﬁned as a “frozen fringe”. It occupies a band, 3.5 cm
thick, limited by depths z¼2.5 cm and z¼6 cm. The temperature
at the cold side of the frozen fringe is the effective freezing
temperature (below 3 1C), and Sl is approximately equal to 0,
i.e. the pore space is completely ice-ﬁlled. Above the frozen fringe,
the rock is unfrozen (Sl¼1).
Fig. 9 also shows the effect of changing the air entry value
(parameter P in Eqs. (4) and (5). If P is increased from the adopted
values in calculations (P¼0.05 MPa) to P¼0.5 MPa, the rock does
not desaturate i.e. the space in the pores is not completely ﬁlled
with ice. Varying proportions of liquid water remains in all points
(dashed line in Fig. 9).
The computed liquid ﬂux along the y-axis obtained after 24 h
from the beginning of freezing is shown in Fig. 10. The ﬁgure
provides an instantaneous picture of the ﬂow distribution in the
sample during the initial transient phase. Flow rates are controlled
by the boundary inﬂow, the changes of Sl along the sample and
the sink provided by the crystallization of ice. The plot shows how
the accumulation of freezing pore water drives the ice segregation
process: the unfrozen pore water is drawn from the surface into
the frozen fringe. The ﬂux increases gradually from the freezing
front down to the frozen fringe, and it reaches a maximum value of
3.25E07 kg/m2/s2 at a depth of 3 cm. At a depth of 5 cm, the ﬂux
essentially vanishes as the unfrozen water ﬁlm between ice and
solid rock tends to migrate toward the frozen rock.
It can be noticed that a temperature of 3 1C is the critical
value which controls permeability and therefore, water migration:
slightly below this value, i.e. for depths in excess of 6 cm, the ﬂow
almost vanishes, marking the boundary between frozen fringe and
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Fig. 8. Calculated liquid ﬂux of water along the vertical direction 24 hours after the
beginning of the freezing test.
Fig. 9. Calculated proﬁle of ice pressure for three different times after the
beginning of the test: dashed grey line, 9 hours, solid grey line, 14 hours, solid
black line, 24 hours (steady state) from the beginning of freezing. Fig. 10. Map of sample porosity, 24 hours from the beginning of freezing (steady
state).
Fig. 11. Vertical proﬁles of calculated porosity at three different times after the
beginning of the test: dashed grey line, 9 hours, solid grey line, 14 hours, solid black
line, 24 hours (steady state) from the beginning of freezing.
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completely frozen rock. At this depth, which corresponds to the
isotherm 3 1C, a maximum value of ice pressure is calculated
(Pi¼23 MPa), as shown in Fig. 11 (solid line: steady state after 24 h
from the beginning of freezing).
If temperatures remain above 3 1C, the frozen fringe is
relatively permeable, and the ﬂuid ﬂow reaches the maximum
value equal to 3.25E07 kg/m/2s/2. At lower temperatures
(T¼3 1C), the maximum ice pressure is quite large, but the
liquid ﬂux is deﬁnitely reduced due to the extremely low hydraulic
conductivity of the frozen fringe there. Sustained freezing should
be most effective when temperature is around 3 1C: higher
temperatures prevent ice pressure from building up sufﬁciently
to produce signiﬁcant crack growth, but at lower temperatures,
the migration of water necessary for sustaining crack growth is
strongly inhibited. The result is in general agreement with litera-
ture data, which suggested that the temperature at which ice
segregation induces microgelivation in medium porosity hard
rocks is lower than 3 1C [6]; Hallet et al. [37] also recognizes
that most of the fracture activity (and consequently AE generation)
occurs at temperature between 3 1C and 6 1C.
A map of the simulated porosity change is presented in Fig. 12.
A small increase of porosity from the initial value of 0.15 is visible
at depth of 6 cm, demonstrating how the accumulation of freezing
pore water reaches a maximum in this critical zone. As a matter of
fact, the unfrozen pore water is drawn into the freezing front: in
Fig. 12 the proﬁle of porosity as a function of depth is shown for
three different time steps (i.e. 9, 14 and 24 h from the beginning of
freezing). It is interesting to note that the highest porosity value
for each step coincides with the 31 isotherm depth and that this
peak value increases with time. In fact, after the transient cooling,
freezing at ﬁxed temperature gradient allows the localization of
increasing porosity precisely in that area, which should therefore
be the preferential place for the ice lenses formation [5]. Calcu-
lated maxima of ice pressure and porosity change (Figs. 11 and 12)
are located on the same position.
The observed fracture depth (Fig. 12) is located within the
“active” layer or “frozen fringe” zone at depths varying between
2.5 and 6 cm. The position of this fracture is not exactly located at
the calculated position of the maximum change in porosity but the
model provides a reasonably good prediction.
7. Discussion and conclusions
Permafrost conditions in Central Europe high mountain areas
have experienced changes in recent years which have been
associated with climatic change although other factors may be
involved. Observations indicate that freezing conditions are per-
manently maintained at some depth within the rock but the
impact of warm and wet weather leads to a supply of liquid water
on the exposed rock surfaces. As a result, liquid water is attracted
towards the permafrost boundary where it changes phase and
crystallizes as ice.
However, one of the open questions was to know if ice
crystallization required pre-existing discontinuities or, else, it
could crystallize in pores and, in addition, it was able to induce
rock damage, generating local cracks which eventually would
coalesce into larger ﬁssures. These ﬁssures will be progressively
ﬁlled with continuous ice. In this way weak discontinuities will be
formed in a direction parallel to the permafrost boundary increas-
ing the risk of rock falls.
High mountain rocks are hard and exhibit a low porosity/
microcracking. The intact sample tested, a dense low porosity
gneiss, is representative of rockmass conditions at high altitudes
(more than 3000 m a.s.l.). The long term test performed has
conﬁrmed the development of a continuous open crack within a
permafrost fringe bounded by the isotherms 0 1C and 3 1C.
Within this range ice and liquid water coexist. This is a zone
where cryogenic suction attracts water from the warm boundary.
Some ﬁeld observations reported in the paper are consistent with
laboratory observations.
An additional interesting ﬁnding is that the formulation for ice-
water interaction in porous soils, directly based on the coupled
ﬂow deformation analysis of unsaturated soils is capable of
reproducing the main features of the phenomenon. The formula-
tion has been outlined in the paper and model parameters have
been approximated from known physical constants and experi-
ments on the gneiss rock tested. The most relevant result is that
the model predicts the location and size of the frost fringe and,
also, the approximate position of the ice-ﬁlled crack. Note, how-
ever, that the model does not have provisions for modeling rock
fracture and it describes, during the entire test, a porous material.
Nevertheless, it is believed that that the model used provides a
reasonable approximation to ice-liquid interactions in hard micro-
fractured porous rocks.
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